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Effects of nephron reduction and dietary protein content on
renal ammoniagenesis in the rat. Urinary ammonium excretion,
in vitro ammoniagenesis and the activities of renal cortical
phosphate-dependent glutaminase (PDG) and glutamic de-
hydrogenase (GLDH) were measured in rats with a reduced
renal mass. Following contralateral nephrectomy, ammonium
excretion per nephron, ammonia production and the activities
of PDG and GLDH were all increased significantly in remnant
kidneys of rats fed high protein diets. In rats fed low protein
diets, although PDG activity increased, GLDH activity and
ammonia production and excretion did not increase in remnant
kidneys following contralateral nephrectomy. Ammonia pro-
duction and excretion were greater in rats fed high than low
protein diets, a difference that was corrected by the addition of
mineral acid to the diets of low protein-fed rats. Acid supple-
mentation to the low protein group did not result in enhanced
ammonia production or GLDH activity following a reduction
in renal mass. The data indicate that the increased rate of
ammoniagenesis which occurs following nephron reduction is
markedly influenced by dietary protein content. A lack of
enhanced GLDH activity may underlie the lack of increased
ammonia production of low protein-fed rats following nephron
reduction.
Effets de Ia reduction néphronique et du contenu en protéines de
l'alimentation sur l'ammoniogenese rénale du rat. L'excrétion
urinaire d'ammoniaque, l'ammoniogénése in vitro et les activités
de Ia glutaminase phosphate dépendente (PDG) et de Ia
déhydrogenase glutamique (GLDH) corticales ont été mesurées
chez des rats dont Ia masse rénale avait été réduite. Après
néphrectomie controlatérale l'excrétion d'ammoniaque par
néphron, Ia production d'ammoniaque et les activités de PDG
et GLDH augmentent significativement dans Ic rein restant de
rats soumis a un régime riche en protéines. Chez les rats au-
mentés avec un régime pauvre en protéines I'activité de GLDH,
Ia production et l'excrétion d'ammoniaque n'augmentent pas,
bien que l'activité de PDG soit accrue, aprés Ia néphrectomie
controlatérale. La production et I'excrétion d'ammoniaque sont
plus grandes chez les animaux soumis a un régime riche en
protéines par comparaison a ceux recevant un régime pauvre,
cette difference est corrigée par l'addition d'acides minéraux au
régime pauvre en protéines. Le supplement d'acide au groupe
recevant le régime pauvre en protéines n'a pas pour consé-
quence une augmentation de Ia production d'ammoniaque ou de
l'activité de Ia GLDH aprés reduction de Ia masse néphronique.
Ces résultats indiquent que l'augmentation de l'ammoniogénese
qui survient aprés reduction nephronique est notablement
influencée par le contenu alimentaire en protéines. L'absence
d'augmentation de l'activité de GLDH peut Ctre le phénoméne
sousjacent a l'absence d'augmentation de Ia production
d'ammoniaque aprés reduction nephronique chez les rats
soumis a un régime pauvre en protéines.
A diminished renal production of ammonia has been
postulated to explain the decreased urinary excretion
of ammonium observed in chronic renal failure [I]. A
reduced functioning renal mass, with normal or in-
creased ammonia production per residual nephron,
has been stated to explain this decrease and is based on
the observation of elevated rates of ammonium
excretion per ml of glomerular filtration rate (GFR)
in patients and animals with renal disease [2—5].
Few data are available in the medical literature on
ammonia production by renal cortical slices of animals
with a reduction in renal mass. In addition, a paucity
of data exists on the activities of enzymes important in
renal ammoniagenesis in such animals.
The present study explores the effects of a reduction
in nephron mass on ammonia production and excre-
tion in rats fed isocaloric diets of differing protein con-
tent throughout. In addition, the activities of renal
cortical phosphate-dependent glutaminase and glu-
tamic dehydrogenase were measured in these ani-
mals. The results demonstrate an enhanced rate of
ammoniagenesis and enzyme activity in rats fed high
protein diets following nephron reduction. They also
provide an explanation for the lack of adaptation in
ammoniagenesis as the nephron population is reduced
in rats fed low protein diets.
Methods
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Liquefied isocaloric diets of differing protein con-
tent were gavaged in two equal feedings daily to female
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Holtzman rats. The low protein diet consisted of 6%
protein (Micropulverized vitamin-free casein, Nu-
tritional Biochemical Co, Cleveland, Ohio) and 78.8%
carbohydrate (35% sucrose, 43.8% dextrin). The high
protein diet contained 40% casein and 44.8% carbo-
hydrate (20% sucrose, 24.8% dextrin). Fat (corn oil),
vitamin (vitamin supplement for rats, Nutritional Bio-
chemical), cystine and mineral (sodium-free salt
mixture, Nutritional Biochemical) content of both
diets was identical, comprising 7%, 2%, O.2% and
4%, respectively, of each diet. Sodium chloride, O.9%,
was administered in a volume of 5 ml with each
feeding.
Rats with two normal kidneys were designated stage
I. Renal mass was reduced by hemi-infarction of the
left kidney. Animals with a normal right kidney and a
hemi-infarcted left kidney were designated stage II.
Rats with a hemi-infarcted left kidney in which the
normal right kidney had been removed were desig-
nated stage III. At each stage, rats were maintained on
their diets for a minimum of seven days prior to study
or further nephron reduction. The animals were
housed in individual metabolic cages throughout the
period of study. For clearance and in vitro experi-
ments, rats were studied 16 hr following the last feed-
ing. Ad lib distilled water was provided for all animals
up to the time of study.
Urine balance studies. Twenty-four-hour urine col-
lections were obtained in stages I, II and III (four days
to two weeks postnephrectomy) animals. Urine speci-
mens were collected in graduated, preweighed
cylinders containing mineral oil and thymol. Supra-
pubic massage of each rat and distilled water cage
rinse were performed at the termination of each col-
lection period. Urine specimens were analyzed for
ammonia, titratable acidity and pH.
Clearance studies. Each individual kidney was
studied in stage II. Following the initial study, the
normal right kidney was removed, and repeat studies
were performed on the remnant kidney of each animal
one week later. Clearances of inulin and urinary
excretion rates of ammonium were measured. Arterial
blood pH and Pco2 were determined at the approxi-
mate midpoint of each clearance period. Following
the stage III study, total glomerular counts of the
remnant kidneys were performed utilizing the method
of Damadian, Shwayri and Bricker [6]. On the basis of
the counts and total clearances of each kidney in
stages II and Ill, single nephron clearance and
excretion rates were calculated.
Surgical procedure and clearance protocol. The
animals were anesthetized lightly with ether. The
bladder was catheterized with a silastic catheter. The
femoral artery and jugular vein were catheterized with
polyethylene catheters. In stage II experiments, the
right ureter was exposed through a midline abdominal
incision and catheterized with a PE-lO catheter
secured within a PE-50 silastic catheter. Upon comple-
tion of the surgical procedures, estimated insensible
losses were replaced with normal saline solution, 0.5 to
1.0% of body wt, and the animals were placed in a
plexiglass cylinder. The animals were allowed to
recover from anesthesia, and studies were performed
in the unanesthetized state. Priming and sustaining
doses of inulin were administered through the jugular
catheter, the latter at a rate of 55 .d/min and 25 .d/min
in stages II and III, respectively. A one-hour equilibra-
tion period was employed in all studies followed by
four clearance periods of 12 to 40 mm duration.
Urine from each kidney was collected under mineral
oil in preweighed tubes. Inulin was measured by the
anthrone method [7]. Ammonia was determined by
the Conway microdiffusion method [8]. Titratable
acidity was measured on an automatic titrator (Radio-
meter) utilizing 0.02N sodium hydroxide. Blood pT-I
and Pco2 were determined using a microgas analyzer
(Instrumentation Laboratories, Model IL-123-Sl).
In vitro experiments. While rats were lightly anes-
thetized, the kidneys were rapidly removed, decapsu-
lated, weighed and placed in ice-cold saline solution.
Cortical slices of approximately 0.3 to 0.4 mm thick-
ness were obtained using a Stadie-Riggs microtome
[9]. In remnant kidneys care was taken to remove all
the infarcted tissue prior to slicing. The slices were all
depleted of endogenous substrate by incubating them
for one hour at 37°C in substrate-free Krebs-Ringer
bicarbonate buffer gased with 95% 02, 5% CO2.
Thereafter, 25 to 50 mg of tissue was added to indi-
vidual incubation flasks containing 10 ml of Krebs-
Ringer bicarbonate buffer. Three flasks were used for
each kidney studied. One flask contained no sub-
strate. The other two flasks contained either 10 mvt
(final concentration) glutamine or 10 m glutamate (as
the sodium salt). The flasks were placed in a Dubnoff
metabolic shaker and incubated for 90 mm at 37°C.
The gas phase was 95% 02, 5% CO2. Incubations
were carried out as previously described [10], with
aliquots of buffer solution obtained at the beginning
and end of the incubation for the determination of
ammonia [11]. Determinations were run in duplicate.
The activities of phosphate-dependent glutaminase
(PDG) and glutamic dehydrogenase (GLDH) were
measured in duplicate in whole tissue homogenates of
cortex from the same kidneys in which ammonia
production was determined. PDG activity was
measured immediately as previously described [12].
Tissue for the determination of GLDH activity was
homogenized in 100 volumes of ice-cold distilled water
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and stored at — 40°C. The activity of GLDH was
determined by measuring fluorometrically the appear-
ance of oxidized pyridine nucleotide (NAD +) from
ammonium and reduced pyridine nucleotide (NADH)
in the presence and absence of a-ketoglutarate [131.
The amounts of NAD + formed were calculated by
reference to a standard curve prepared with NAD+
standard.
For the determination of glutamine, glutamate and
DNA concentrations, renal cortical tissue was rapidly
removed, weighed and frozen in liquid freon. Glu-
(amine and glutamate concentrations were measured as
previously described [12]. DNA concentrations were
determined fluorometrically using a modification of the
diaminobenzoic acid (DABA) method [14]. Fifteen to
25 mg of frozen renal cortical tissue was homogenized
in 1 ml of distilled water. Protein was precipitated
using 0.5 ml of 0.6N perchloric acid. Lipid was
extracted with 0. IN alcoholic potassium acetate and
then twice with 95% ethanol. Following the last
extraction step, the spun pellet was dried overnight at
50°C in IN ammonium hydroxide. Subsequently, the
samples were resuspended in purified DABA solution
(0.4 g/ml), mixed and incubated at 60°C for 45 mm.
One ml of iN HC1 was added to the samples and they
were read fluorometrically. The DNA concentrations
were calculated by reference to a standard curve pre-
pared with calf thymus DNA. Protein content of renal
cortical tissue was determined by the method of
Lowry et al [15].
Values for ammonia production from glutamine and
glutamate represent values obtained after subtracting
production by slices incubated in substrate-free
medium. The results are expressed as means I SEM.
Statistical analysis was performed using Student's t
test for paired and unpaired data.
Results
Mean 24-hr urinary excretion data for stages I, II
and III rats are shown in Table I. In rats fed either
low or high protein diets, urinary ammonium, titrat-
able acid and total acid (UNH4V+UTAV) excretion
were comparable in stages I and II. Urinary ammon-
ium excretion was significantly decreased in stage III
in both groups. Titratable acid excretion rose, albeit
insignificantly, such that total acid excretion in stage
III was similar to that of stage II animals. At each
stage of study, urinary ammonium, titratable acid and
total acid excretion were significantly greater in rats
fed high protein diets, reflecting in part a greater
exogenous acid load provided in this diet.
In order to further characterize the effects of altered
dietary protein content on urinary ammonium excre-
tion per residual nephron, clearance studies were per-
formed. The data are summarized in Table 2, depicting
total kidney inulin clearance and ammonium excre-
(ion rates as well as single nephron ammonium excre-
tion rates. The latter were calculated from remnant
kidney total glomerular counts, which were comparable
in rats fed low and high protein diets (11,049 1,286
and 13,592 1,520, respectively, P>0.05).
Total inulin clearance (C1) in stage II was greater
Table 1. Twenty-four-hour urinary acid excretion in rats fed 6°/ and 40% protein diets, stages 1, II and lIP
Group V
ml
U UNE4V
mEg
UTAV
mEg
[UNU4V+UTAV]
mEg
6% protein diets
Stage 1(5) 27.6± 1.6 6.79±0.10 0.24±0.02 0.14±0.04 0.38±0.06
P (I vs. II) NS NS NS NS NS
Stage 11(4) 24.9± 1.6 6.46±0.14 0.22±0.01 0.24±0.05 0.46±0.06
P (11 vs. III) NS NS <0.005 NS NS
Stage III (7) 22.7± 3.6 6.37±0.08 0.15±0.01 0.29±0.04 0.44±0.04
P (1 vs. Ill) NS <0.01 <0.02 <0.05 NS
4O% protein diets
Stage 1(4) 20.6±3.3 6.30±0.03 1.47±0.12 0.54±0.02 2.01
P (I vs. II)
Stage 11(4)
NS
21.9±3.0
NS
6.25±0.07
NS
1.61±0.13
NS
0.61±0.06
NS
2.22±0.17
P (II vs. III) NS NS NS NS NS
Stage III (10) 21.5±1.4 6.07±0.04 1.16±0.05 0.76±0.12 1.92±0.13
P (1 vs. III) NS <0.001 <0.05 NS NS
Values are mean SEM. Numbers in parentheses refer to number of rats. Data from each rat represent mean of two to
four 24-hr urine collections. Abbreviations: V, urine volume; UPH, urinary pH; UNH4V, UTAV and EUNH4V + UTAVI, urinary
excretion of ammonium, titratable acid and total acid. UNH4V, UTAV and [UNH4V + UTAV] were significantly greater in
40% than in 6% protein-fed rats at each stage, P <0.001. UH was significantly lower in 40% than in 6% protein-fed rats
in stages I and III, P<0.005.
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Table 2. Urinary ammonium excretion of rats fed low and high
protein diets, stage II and stage lit, one week after nephrectomya
Group C1,
rn/f mm
U4V
t&rnoles/rnin
SNUNU4V
tarnoles/rnin
6% protein diets (6)
Stage II
Control kidney
Remnant kidneyp
Stage lIt
0.67 0.08
0.40 0.06
<0.05
0.61 0.06
0.46 0.05
0,26 0.03
NS
0.23 0.02
22 3
NS
21 3
4O% protein diets (6)
Stage II
Control kidney
Remnant kidney
p
Stage III
1.14 0.13
0.64± 0.03
<0.05
0.86±0.09
1.02 0.07
0.53±0.05
<0.0025
1.15±0.08
40±6
<0.01
91± 16
a Values are mean 5EM. Numbers in parentheses refer to
number of rats. Abbreviations: Cia, inulin clearance; UNH4V,
total kidney ammonium excretion; SNUNH4V, calculated single
nephron ammonium excretion. Glomerular counts were per-
formed in stage III kidneys. Single nephron excretion values
were calculated from whole kidney excretion data in stage III
and from the same kidney in stage II. Each value shown in the
40% protein group was significantly greater than the corre-
sponding value in rats fed 6% protein diets, F <0.01.
in rats fed high protein diets than in rats fed low pro-
tein diets (1.78±0.15 vs. 1.06±0.13 mi/mm, respec-
tively, P<O.Ol). C1, increased in the remnant kidneys
in both groups of rats from stage II to stage III.
Significant differences were observed in ammonium
excretion in the two groups of rats. Ammonium
excretion in stage II rats fed high protein diets was
significantly greater than in rats fed low protein diets.
A marked and significant enhancement in ammonium
excretion occurred in these remnant kidneys from
stage II to stage III, with ammonium excretion per
nephron rising more than twofold. In contrast,
ammonium excretion by the remnant kidneys of rats
fed low protein diets did not increase from stage II to
stage III and was reflected in an unchanged single
nephron ammonium excretion rate.
Mean arterial pH in stage II rats fed low protein
diets was 7.48±0.00; in stage III it was 7.46±0.03.
Arterial pH in rats fed high protein diets was 7.46
0.02 in both stages II and III. All animals exhibited a
mild respiratory alkalosis while in the plexiglass
holders which was comparable in stages H and III in
both groups (Pco2, 33 to 36 mm Hg).
These data clearly demonstrate that the changes in
ammonium excretion per nephron following nephron
reduction are affected by dietary protein content. To
provide further insight into the differences observed
following nephron reduction in the two groups of rats,
in vitro experiments were performed. As values for
ammonia production and enzyme activity were similar
Table 3. Renal cortical ammonia production, stage II and stage
III kidneys from rats fed 6% and 40% protein diets: substrate,
glutamine (10 mM)a
Group Ammonia production
jsrnolesfhrfg
of wet wt
jzrnolesfhrfrng
of DNA
prnolesfhrfrng
of protein
6% protein diet
Stage 11(5)
Control kidney
pb
Remnant kidney
P°
Stage 111 (11)
99 11
NS
104 13
NS
99±7
26.6± 4.1
NS
23.9 3.0
NS
29.6±2.6
0.95 0.10
NS
0.85 0.11
NS
0.84±0.07
40% protein diet
Stage 11(4)
Control kidney
pb
Remnant kidneyC
Stage 111 (11)
139±3
NS
136 9
<0.05
161±7
46.6±3.7
NS
37.9 1.0
<0.001
56.7±2.8
1.35±0.08
NS
1.27 0.08
<0.005
1.87±0.14
a Values are mean 5EM. Numbers in parentheses indicate
number of animals.
Difference between stage II control and remnant kidneys.
Difference between stage II and stage III remnant kidneys.
in stage I and stage H kidneys in each group of rats,
only stage II data are depicted for comparison with
stage III.
Table 3 summarizes the results of ammonia produc-
tion from 10 mrt't glutamine by renal cortical slices
from stages II and III rats fed low and high protein
diets. In each group of rats, ammonia production was
similar in stage II control and remnant kidneys. In
rats fed low protein diets, no increase in ammonia
production occurred in stage III as compared to stage
II. Rats fed high protein diets demonstrated a signifi-
cant increase in ammonia production by cortical
slices following contralateral nephrectomy. This
enhanced ammonia production from stage III kidneys
was significant regardless of whether the results were
expressed per g of wet wt of tissue, per mg of protein
or per mg of DNA, the latter serving as an index of
ammonia production per cell.
Table 4 summarizes the results of ammonia pro-
duction from 10 m glutamate by renal cortical slices
in the two groups of rats. Slices from stage III rats fed
high protein diets produced significantly more am-
monia than in stage II. With glutamate as substrate,
ammonia production by renal cortical slices from rats
fed low protein diets was low and variable. Ammonia
production did not increase between stage II and
stage III, the mean values being in fact slightly lower
in stage III.
With either giutamine or glutamate as substrate,
ammonia production by renal cortical slices was
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Table 4. Renal cortical ammonia production, stage 11 and stage
III kidneys from rats fed 6% and 40% protein diets: Substrate,
glutamate (10 mM)a
Group Ammonia production
p.moles/hr/g
of wet wt
imoles/hr/mg
of DNA
/2moles/hr/mg
of protein
6% protein diet
Stage 11(5)
Control kidney
P
Remnant kidneyP
Stage III (10)
7.5±4.3
NS
10.0± 6.3
NS
4.3±2.4
2.0± 1.0
NS
1.8± 1.5
NS
0.5±0.4
0.067±0.037
NS
0.070±0.039
NS
0.042±0.023
4O% protein diet
Stage 11(5)
Control kidney
P
Remnant kidneyP
Stage III (11)
27.0± 2.4
NS
27.4± 3.5
<0.05
45.1±7.1
8.9
NS
7.3
<0.02
16.0±2.5
0.25
NS
0.23
<0.01
0.51±0.08
a Values are mean SEM. Numbers in parentheses indicate
number of animals.
b Difference between stage II control and remnant kidneys.
Difference between stage II and stage III remnant kidneys.
greater in rats fed high protein diets than in rats fed
low protein diets. This difference was significant in
both stage II (P <0.02) and stage III (P <0.001).
The results of PDG and GLDH activities of rat
renal cortex are summarized in Table 5. PDG and
GLDH activities were both similar in stage IT control
and remnant kidneys in each group of rats. In both
groups, PDG activities increased significantly in stage
III as compared to stage II. PDG activity in rats fed
high protein diets was significantly greater than that of
rats fed low protein diets [16—18], the mean activity
averaging twice that present in the latter group in both
stages II and III. GLDH activity in remnant kidneys
from rats fed high protein diets increased significantly
from stage II to stage III. In contrast, mean GLDH
activity did not rise significantly in stage III remnant
kidneys of rats fed low protein diets.
Data on renal cortical glutamine and glutamate
concentrations are summarized in Fig. 1. Tissue
glutamate concentrations were not different in kidneys
of rats fed low or high protein diets. No significant
change in tissue glutamate concentrations was ob-
served between stage II and stage III kidneys in either
dietary group. Tissue glutamine concentrations were
similar in stage II remnant kidneys of rats fed low and
Fig. 1. Renal glutamine and glutamate contents in stage II and
stage III rats fed 6% and 4O% protein diets. Glutamine (shaded
bars) and glutamate (clear bars) are expressed as imoles/g of
wet wt tissue
Table 5. Phosphate-dependent glutaminase and glutamic dehydrogenase activities in rat renal cortex: Stage II and stage III kidneys from
rats fed 6% and 40% protein diets
Stage Glutaminase activity
jhmoles/min/g of wet wt
Glutamic dehydrogenase activity
pmoles/min/g of wet wt
6% protein diets 40% protein diets P' 6% protein diets 40% protein diets P'
Stage IL
Control kidney 10.3±1.6 (5) 20.0±3.7 (5) <0.05 91±7(4) 182±35 (5) <0.05
pa NS NS NS NS
Remnant kidney 8.3±0.9 (5) 17.8±1.0 (5) <0.001 109±25 (5) 192±40 (4) NSd <0.001 <0.025 NS <0.02
Stage III 14.7±0.6 (10) 30.7±4.7 (8) <0.005 140±21 (9) 374±34 (8) <0.001
a Values are mean SEM. Numbers in parentheses indicate number of animals.
b Difference between values from 6% and 40% protein-fed rats.
Difference between stage II control and remnant kidneys.
Difference between stage II and stage III remnant kidneys.
6% protein
40%protein C Glutamine
C Glutamate
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high protein diets, 3.0±0.4 and 3.8± 1.0 mo1es/g,
respectively (P<0.l). In stage III kidneys, higher
glutamine concentrations were found in both groups
of rats compared to stage II. These values were com-
parable in the two groups of rats, 7.2 0.9 and 7.0 0.8
moles/g in kidneys from rats fed low and high pro-
tein diets, respectively (P>0.01).
The mean weight of stage II remnant kidneys was
slightly greater in rats fed high protein diets than in
rats fed low protein diets [19]. Remnant kidney weight
in stage III was significantly greater than that of stage
II rats in each group (0.59 0.03 vs. 0.43 0.02 g and
0.67 0.05 vs. 0.49 0.00 g in stage III vs. stage II in
low and high protein-fed rats, respectively, both
P <0.005). That this increase in remnant kidney weight
from stage II to stage III was due to hypertrophy of
residual renal tissue rather than to a difference in the
extent of the infarcted lesion in stage II and stage III
animals is apparent from a consideration of DNA
data. DNA content of each cell nucleus is constant
[20], and determination of DNA concentration in
tissue provides an estimate of the degree of tissue
hypertrophy; the lower the DNA concentration, the
greater the degree of hypertrophy. Similarly, in the
absence of cell hyperplasia, total DNA content of a
given tissue should not change, regardless of the
degree of hypertrophy. DNA concentrations in stage
II and stage III remnant kidneys from rats fed high
protein diets were 3.75±0.25 and 2.86±0.11 mg/g,
respectively (P <0.001). Total calculated DNA con-
tents of these kidneys was identical, 1.85 0.13 vs.
1.87 0.13 mg/kidney. Similar findings were observed
in remnant kidneys from rats fed low protein diets,
though the degree of hypertrophy in stage III was less
pronounced (DNA concentration in stage III kidneys,
3.26±0.14 mg/g). These data, in addition, argue
against significant hyperplasia and an increase in the
number of nephrons in stage III vs. stage II remnant
kidneys. The mean body wt of low and high protein-
fed rats was 207 and 215 g, respectively, corresponding
to an age of 70 to 80 days, an age at which Imbert et al
[211 have shown that an increase in nephron number
should not occur.
A diet high in protein content provides, in addition
to an increased nitrogen load, a greater exogenous
hydrogen ion load. When normal rats were fed a low
protein diet supplemented with HCI in a dose calcu-
lated to provide the same total hydrogen ion load as
the high protein-fed rats, renal ammoniagenesis and
the activities of PDG and GLDH were similar to those
observed in kidneys from the latter group of animals
[22]. To determine whether the difference in dietary
hydrogen ion content underlies the different results in
ammonia production following nephrectomy in the
two groups of rats, an additional group was studied.
Based on the difference in total acid excretion between
the low and high protein-fed rats (Table 1), rats fed
low protein diets were supplemented with 1.6 mEq of
HC1 per day. Following seven days of this regimen in
stage II, the normal right kidney was removed and
studied, followed by study of the stage III remnant
kidney one week thereafter. The results are summar-
ized in Tables 6 and 7.
Ammonia production by stage II kidneys from these
rats was identical to that of stage II kidneys from rats
fed high protein diets, with both glutamine and
glutamate as substrate. However, following removal of
the normal kidneys, ammonia production did not
increase significantly in stage III. PDG activity in
stage II kidneys from HC1-supplemented rats was
significantly greater than from rats fed low protein
diets alone, and was similar to that observed in high
Table 6. Renal cortical ammonia production, stage II normal
and stage III renmant kidneys from rats fed 6% protein diets
supplemented with 1.6 mEq of HCI per days
Stage Am
,mo1es/hr/g
of wet wt
monia production
p.molesfhr/mg
of DNA
mo1es/hr/mg
ofprotein
Substrate: glutamine, 10 mM
Stagell(6) 132±16
P NS
Stage 111 (3) 150±24
32.8±4.6
NS
36.6± 3.1
1.19±0.22
NS
1.85
Substrate: glutamate 10 mM
Stage 11(6) 30.1±4.4P NS
Stage III (4) 31.3±8.7
7.47± 1.03
NS
7.81± 1.72
0.25±0.04
NS
0.30±0.08
Values are mean±sEM. Numbers in parentheses indicate
number of animals.
Table 7. Phosphate-dependent glutaminase and glutamic
dehydrogenase activities in rat renal cortex
Stage Eitzyme activity, fLmoles/min/g of wet wt
Glutaminase Glutamic dehydrogenase
Stage II 13.9±1.4 (6)b 212±24 (6)b
P <0.001 NS
Stagelli 32.3±3.3(4)b 162±18(6)'
Stage II control and stage III remnant kidneys from rats fed
6% protein diets supplemented with 1.6 mEq of HCI per day.
Values are mean±SEM. Numbers in parentheses indicate
number of rats.
b Value not significantly different from activity observed in
kidneys from rats fed 40% protein diets at comparable stage.
Value significantly lower than activity observed in stage III
kidneys from 40% protein-fed rats, P< 0,001.
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protein-fed animals. In stage III, PDG activity in-
creased significantly and in a comparable fashion to
that of stage III rats fed high protein diets. In contrast,
GLDH activity, though significantly greater than in
low protein-fed rats in stage II, failed to increase in
stage III. GDLH activity in stage III was significantly
less than that of stage III rats fed high protein diets.
Discussion
Glutamine is the major precursor for renal ammonia
production within the renal tubular cell [23]. Two
major metabolic pathways have been described.
Glutamine may be deamidated by the enzyme PDG,
yielding ammonia and glutamate. Glutamate is in turn
deaminated by GLDH to cz-ketoglutarate plus another
ammonia. The enzymes of this pathway, the glutamin-
ase I pathway, are both mitochondrial in location. A
second so-called glutaminase II pathway is initiated by
glutamine transaminase, which catalyzes the conver-
sion of glutamine to a-ketoglutaramate. This enzyme
can use a broad spectrum of a-ketoacid substrates.
The resulting a-ketoglutaramate is then deaminated by
a specific omega deaminase to yield ammonia and
a-ketoglutarate. Thus, the metabolism of each mole-
cule of glutamine by PDG and then GLDH can
theoretically yield two molecules of ammonia while
one ammonia molecule results from passage of each
glutamine molecule through the glutaminase II path-
way. The relative contribution of the two major path-
ways to ammonia production by the mammalian kid-
ney is uncertain although most authors subscribe to
the idea that the glutaminase I pathway is the pre-
dominant one. Other enzyme pathways, including
glutamine transferase [241, the y-amino butyric shunt
[25], the purine nucleotide cycle [26] and transamina-
tion reactions, may also represent important pathways
for ammoniagenesis in the kidney but their quantitative
significance is unknown.
The present experiments were designed to explore
the adaptation in renal ammonia production in rats by
reducing the number of nephrons while maintaining a
constant dietary intake. The effects of dietary protein
content on renal ammoniagenesis and the activities of
PDG and GLDH were investigated following reduc-
tion in renal mass.
These studies demonstrate that rats fed high protein
diets have a higher rate of ammonia production and
excretion than do rats fed low protein diets. When
75% of the normal complement of functioning
nephrons was removed, these animals exhibited en-
hanced rates of ammonia production from both
glutamine and glutamate. This rise in ammonia pro-
duction in stage III remnant kidneys occurred in
association with augmented activities of both renal
PDG and GLDH.
In rats fed low protein diets, despite increased
activity of PDG, ammonia production, especially from
glutamate, did not rise in stage III kidneys. The data
suggest that the absence of an adaptive rise in GLDH
activity may contribute to the lack of augmented
ammoniagenesis in these animals and is supported by
the observations in rats fed low protein diets supple-
mented with HC1. In these HCI-supplemented animals,
PDG activity rose to levels similar to those in stage III
high protein fed rats, but GLDH activity was not in-
creased and renal ammoniagenesis was unchanged
from stage II.
These in vitro observations provide information
explaining the different patterns of ammonium excre-
tion observed in vivo following nephron reduction in
rats fed diets of low and high protein content. In
addition, the data support the concept that adaptation
in enzyme activity, especially GLDH, is important in
the renal adaptation in ammonia production following
nephron reduction. The explanation for the lack of
enhanced GLDH activity in stage III rats fed low pro-
tein diets is not readily apparent. The data indicate
that the absence of an adaptive increase in the activity
of this enzyme is a function of both a reduced renal
mass and a low dietary protein content, independent
of exogenous acid load. The precise mechanism re-
mains to be determined.
The significance of the observed tissue concentra-
tions of glutamine and glutamate is unclear and does
not provide insight into the differences in ammonia
production following reduction in renal mass in the
two groups of rats. Tissue glutamate has been demon-
strated to be a potentially important inhibitor of
ammoniagenesis via its effect on PDG activity [27].
However, PDG activity increased in both groups of
rats despite a lack of fall in tissue glutamate concentra-
tions. Similarly, although GLDH activity was not
increased in stage III rats, fed low protein diets,
glutamate concentrations did not rise. Conceivably,
glutamate resulting from the PDG reaction in these
animals was transaminated to aspartate or alanine.
Tissue glutamine concentrations are of interest.
Higher in stage II rats than in normal rats [12, 28, 29],
glutamine concentrations rose further in stage III in
both groups of rats studied. These data contrast to
those noted in normal rats given NH4C1, in which
measured glutamine contents decreased following
induction of acidosis [28, 29]. It is tempting to specu-
late on the significance of this observation. These
values do not allow determination of the intracellular
sites of glutamine localization. Conceivably, glutamine
is less permeable to mitochondrial membranes in renal
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insufficiency, and does not readily gain access to
PDG. The higher glutamine concentrations may thus
represent accumulation of glutamine in the cell cytosol.
In summary, increased rates of in vitro ammonia
production were observed following reduction in renal
mass in rats fed high protein diets. The increased rates
of renal ammonia production occurred in association
with enhanced activities of both renal PDG and
GLDH. Rats fed low protein diets demonstrated no
increase in ammonia production as renal mass was
reduced. A lack of augmented GLDH activity may
underlie this lack of adaptation in these animals.
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